Introduction protein-based NLS that plays an essential (as opposed to moderating) role in PIC nuclear import has not yet One of the hallmarks that distinguishes human immunodeficiency virus type-1 (HIV-1) and other lentiviruses been defined.
In this report, we define a noncanonical NLS within from oncoretroviruses is their capacity to infect nondividing cells productively (Weinberg et al., 1991; Lewis the catalytic core domain of HIV-1 IN that is essential for productive infection of all cell types. We also show et al., 1992). This feature may be particularly important in exposed hosts, where infection of postmitotic cells that this NLS is required for the efficient postentry nuclear localization of both virion-associated IN protein such as tissue macrophages and mucosal dendritic cells as well as of nondividing T cells may be essential not
and newly synthesized reverse transcripts. We propose that the NLS of IN is required for the appropriate nuclear only for viral transmission and dissemination, but also for the establishment of persistent viral reservoirs. At import of HIV-1 PICs and suggest that the translocation of these nucleoprotein complexes through NPCs is a the molecular level, this dichotomy between HIV-1 and oncoretroviruses has been attributed to the karyophilic required step for the infection of both dividing and nondividing cells. properties of HIV-1 postentry nucleoprotein complexes (these are often called preintegration complexes, or PICs). According to this model, it is assumed that HIV-1 Results PICs harbor one or more nuclear localization signals (NLSs) that mediate import across the intact nuclear
The size limit for passive diffusion through NPCs is ‫05ف‬ envelope via the nuclear pore complexes (NPCs) (BukDa for a globular protein, or ‫9ف‬ nm (reviewed by Mattaj and Englmeier, 1998). Given the multicomponent nature of HIV-1 PICs and their estimated Stokes radius of ‫82ف‬
6 Correspondence: malim@mail.med.upenn.edu 7 These authors contributed equally to this work. In the initial mapping of the IN NLS, many in-frame of basic residues. All residues between positions 161 and 173 (except residue 169) were therefore subjected fusions of IN fragments to PK were examined; the most informative results are shown in Figure 1A . Analysis of to alanine-scanning mutagenesis, and NLS function was determined in HeLa cells using the PK-IN(161-173) veccarboxy-terminal truncations indicated that nuclear targeting capability lies between residues 152 and 184 tor (Figure 2A ). Of these 12 alanine substitution mutants, As a further marker for the structural integrity of IN core domains, we measured catalysis in vitro using purified recombinant proteins and a "disintegration" assay where activity is manifested as the formation of a covalent bond between two synthetic oligonucleotides (Figure 4C) . Both NLS-deficient IN proteins were as active as the wild-type protein, as evidenced by the slowermigrating species in lanes 3-5. As expected, a protein carrying a missense mutation in the catalytic triad (D64A) was completely inactive ( Figure 4C, lane 2) . Together, these assays indicate that many of the known functions and attributes of IN are unaffected by NLS inactivation. Table 1 ). The outcome of multiple experiments was very straightforward, in that we never detected replication for viruses harboring a nonfunctional IN NLS (V165A or R166A viruses) regardless of target cell proliferation; specifically, supernatant p24
nm (Miller et al., 1997), it is evident that their import into Figure 1. HIV-1 Integrase Encodes a Transferable NLS (A) Subcellular localization of PK-IN fusion proteins. HeLa cells expressing chimeric proteins comprising Myc-tagged PK at the amino terminus and the indicated regions of IN at the carboxyl terminus ([b]-[g]) were analyzed by immunofluorescence. (B) The three-domain structure of HIV-1 IN. The sequence of the 161-173 region of the HIV-1 YU-2 isolate is shown (this is the consensus for clade B isolates [Kuiken et al., 1999]), and the two residues essential for NLS function are indicated (in black
Gag levels were always less than 10 pg/ml. In contrast, viruses carrying non-NLS-disrupting mutations in adjacent residues (Q164A or D167A viruses) replicated efficiently in all cells tested (data not shown).
To measure infectivity in a more quantitative fashion, we then turned to single-cycle challenges of reporter cell lines (Table 1) . In each line, a reporter gene is under and 4 with lanes 6 and 8). In the case of comparisons carrying the D64A mutation to mediate provirus formawith the wild-type sample, the differences in LTR-circle tion. Because this assay employs primers that match the levels are likely to result in the overestimation of relative viral LTR or the repetitive Alu-elements that are present nuclear accumulation, since a proportion of wild-type throughout the human genome, amplicon generation is full-length cDNAs but not NLS-deficient DNAs become dependent on the covalent joining of viral DNA to the integrated and cannot serve as substrates for circulartarget cell genome. Figure 5A shows the analysis of PCR ization. products obtained using high molecular weight DNAs These analyses show that the IN NLS is essential for prepared at 24 hr; a degree of quantitation was achieved provirus formation in vivo and that its integrity stimulates through serial dilution of the DNA samples prior to amplithe nuclear accumulation of viral cDNAs. It is clear that fication.
LTR-circle formation and, by extension, PIC nuclear imAs expected for the wild-type virus, efficient integraport was not completely ablated for the V165A and tion at multiple sites was visualized as a broad "smear" R166A viruses. Given that the levels of viral DNA present at all dilutions tested ( Figure 5A, lanes 11-13) . In conby 24 hr were significantly lower for these viruses (Figtrast, only barely detectable signals were noted for the ure 5B), we assume that loss of the IN NLS results in undiluted samples derived from the D64A, V165A, and the accelerated turnover of unintegrated cDNA. Al-R166A challenges ( Figure 5A, lanes 3-10) . These data though this degradation could take place in the nucleus, indicate that integration in living cells is at least 1000-we consider it probable that it occurs in the cytoplasm fold more efficient for the wild-type virus than for these because of impaired PIC nuclear import (see below). In mutants. In fact, we suggest that the weak signals deview of the extremely low levels of integrated viral DNA tected in lanes 4, 7, and 10 may actually represent low seen for the V165A and R166A viruses ( Figure 5A ), we levels of nonhomologous recombination rather than inalso conclude that the minor inductions of reporter gene efficient IN-mediated integration (Gaur and Leavitt, activity that were observed for these viruses (Table 1 ) 1998). In light of these results and indications that the reflect inefficient Tat expression from LTR circles. Con-V165A and R166A proteins retain catalytic activity (Figsistent with this assertion, the D64A virus, with its higher ure 4C), we suspected that the NLS-deficient viruses levels of unintegrated nuclear DNA, yielded ‫-4ف‬fold may be impaired for a step in infection that precedes higher numbers of GFP-expressing cells in GHOST cell (and is distinct from) provirus formation.
challenges than did NLS-deficient viruses (data not shown). To characterize this preintegration defect(s) further, (Table 1 ; purine tract (cPPT) (Zennou et al., 2000) . In addition to
Figures 5B and 6A). We propose that these findings have being noninfectious, both classes of mutant are able to at least two implications. First, that IN NLS-deficient PICs complete reverse transcription but are debilitated in still enter the nucleus implies that other karyophilic sigtheir ability to accumulate LTR circles ( Figure 5B) . One nals within these nucleoprotein complexes can mediate attractive explanation for this confluence of data is that inefficient import; the principal candidate for such a sigthe NLS of IN and the region of plus-strand viral DNA nal would be the central DNA flap. Second, the inability overlap (this triple-stranded structure is called the cenof IN NLS-deficient viruses to integrate in vivo indicates tral DNA flap) that is formed proximal to the cPPT may that this peptide sequence may have an additional activact as a composite NLS to recruit cellular factors necesity that is operative between translocation across the sary for efficient PIC import. Clearly, elucidating more nuclear envelope and integration itself. Because the precisely the mechanism by which these peptide and V165A mutant protein retains integration function in vivo nucleic acid targeting signals may coordinate their activ-(when copackaged with the D64A protein; Figure 7C ), ities will require identification of the relevant interacting we speculate that this function may be the intranuclear factors and nuclear transport receptors. Interestingly, trafficking of PICs to the sites of integration in host cell there are precedents for nucleoprotein complexes exchromatin, or even the attachment of these complexes ploiting a combination of peptide and nucleic acid tarto chromatin. In this regard, it is provocative that two geting signals to achieve nuclear import: for example, chromatin-associated proteins, For each virus/time point sample, 10 7 cells were spin infected with Virions pelleted at 26,000 ϫ g for 60 min (as well as corresponding stocks corresponding to ‫003ف‬ ng p24 Gag for 60 min. After washing, cell lysates) were analyzed by Western blotting using antibodies the cultures were maintained for up to 6 hr. Cells were collected at specific for p24 Gag cases, total proteins were then precipitated with acetone prior to further analysis (see below). The pellets (which mostly represent nuclei and associated structures) were resuspended in 100 g/ml Purification and In Vitro Activity of Integrase Hexahistidine-tagged IN proteins (residues 1-288) were expressed digitonin buffered with 20 mM HEPES, 110 mM KOAc, 3 mM Mg(OAc) 2 , incubated at 25ЊC for 15 min, and centrifuged at 2000 ϫ using pET28a(ϩ) (Novagen) and the E. coli strain BL21(DE3). Purification was by nickel-chelate affinity chromatography (Jenkins et al., g for 10 min. The pellets were resuspended in STM, adjusted to 1ϫ RIPA, and sheared using a 26-gauge needle. After centrifugation at 1996), and the eluted proteins were then stored at ‫1ف‬ mg/ml at Ϫ80ЊC. IN core function in vitro was assessed using the reverse 25,000 ϫ g for 30 min, the supernatants (soluble nuclear fractions) were removed and in some cases acetone precipitated, and the integration (or "disintegration") reaction and annealed oligonucleotides, one of which was 5Ј end labeled with 32 
